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Abstract 
The conventional route for tool steel manufacturing consumes large amounts of energy and time and results in a long process 
chain for the manufacture of products. Environmental consciousness is fuelling the development of an improved route with a 
shorter process chain and lower energy consumption that can replace the conventional one. An energy-efficient process route 
for manufacturing products with high quality was proposed based on recrystallization and partial melting (RAP) technology. To 
verify the feasibility of the RAP-based route, the effects of predeformation, partial melting, and post heat treatments on the 
microstructure characteristics and mechanical properties of cast Cr-V-Mo steel were studied experimentally. During the RAP 
process, plastic deformation, recrystallization, austenization, grain growth, and partial melting occurred. When the RAP 
processed specimen was quenched from 1050 °C after isothermal holding for 480 s and then tempered twice at 560 °C for 2 h, 
microstructural evolution occurred in both former solid-phase and liquid-phase regions and caused a good combination of 
mechanical properties. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
To ensure the excellent mechanical properties of tools and dies, high-quality tool steel containing fine-grained 
martensite matrix and uniformly distributed carbide precipitation is required (Roberts et al., 1998). Thus, the 
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refinement of the microstructure and the homogeneous distribution of carbides are indispensable in the 
manufacture of tool steel products. The conventional route for tool steel manufacturing includes one-day preheating 
and multipass hot rolling. This conventional route consumes large amounts of energy and time and results in a long 
process chain for the manufacture of products. A new processing route with less energy consumption and shorter 
process chain is required. The recrystallization and partial melting (RAP) method invented by Kirkwood et al. 
(1991) could be utilized to shorten the process chain of tool steel products manufacturing. Atkinson and Rassili 
(2010) pointed out that RAP involves the partial melting of the recrystallized metal slurry. The capability of the 
RAP method, which entails cold or warm working to introduce a critical strain into the alloy and heating to above 
the solidus temperature, for fabricating thixotropic tool steel slurries has been investigated and verified by Meng et 
al. (2013). An energy-efficient process route for manufacturing products with high quality was proposed based on 
recrystallization and partial melting (RAP) technology as shown in Fig. 1. In the improved tool steel manufacturing 
route, the RAP-processed material is deformed in the semi-solid state and then subjected to heat treatments. 
 
 
Fig. 1. Illustration of conventional route and new route for manufacturing tool steel products. 
 
In this study, to verify the feasibility of the RAP-based route, the effects of predefomration, partial melting, and 
post heat treatments on the microstructure characteristics of cast Cr-V-Mo steel were studied experimentally. The 
mechanical properties, such as hardness, tensile strength, elongation, impact toughness, and resistance to high-
temperature wear, of specimens processed under various experimental conditions were investigated. 
 
2. Experimental procedure 
2.1. Material 
Commercial rolled SKD61 hot-working steel was melted and cast into a block. Rectangular specimens of 50 × 
20 × 10 mm3 were machined from the cast block. The chemical composition of the starting material is shown in 
Table 1.  Its solidus and liquidus temperatures are 1318 and 1489 °C, respectively.  
 
Table 1. Chemical composition of starting material (wt%) 
C Si Mn P S Cu Ni Cr V Mo Fe 
0.36 0.94 0.47 0.014 0.003 0.09 0.06 5.26 0.8 1.2 Bal. 
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2.2. RAP process and heat treatments 
RAP experiment was carried out on an ultrahigh-speed compression testing machine. Schematic diagram of 
RAP experimental setup and dimensions of die are shown in Fig. 2. Predeformation was carried out with a height 
reduction of 50% at 300 °C. A constant strain rate of 1/s was employed in the predeformation. Partial melting was 
conducted at 1385 °C for 20 s followed by a rapid water cooling. Heat treatments were performed using a 
resistance furnace, the schematic diagram of heat treatment strategy is shown in Fig. 3. 
 
Fig. 2. (a) Schematic diagram of RAP experimental setup and (b) dimensions of die. 
  
Fig. 3.  Schematic diagram of heat treatment strategy. 
2.3. Measurement of mechanical properties and metallographic observations 
The Vickers hardness of the specimens was measured using a Shimadzu Vickers hardness tester under a load of 
0.2 kg and a dwell time of 10 s. The tensile test was conducted using a Shimadzu AGS-50kNG tensile tester at 
room temperature with a crosshead speed of 1 mm/s. High-temperature wear tests were carried out using a pin-on-
disc rotating-type machine at 600 °C under a load of 500 N at a speed of 1280 mm/min for a testing time of 30 min. 
The specimenVZHUHFXWLQWRSLQVZLWKĭîPP3. SS400 steel with 150 HV hardness was selected as the disc. 
Impact tests were performed at room temperature in accordance with ASTM E23-04. Being polished and etched in 
10% nitric acid/alcohol solution, the microstructures were observed using a scanning electron microscopy (SEM) 
system and an optical microscope. Energy-dispersive X-ray spectroscopy (EDS) was conducted to investigate the 
distribution of alloying elements in the specimens for each condition. 
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3. Experimental results and discussion 
3.1. Microstructural evolution of Cr-V-Mo steel during RAP process 
Optical micrographs of the center area of the specimens before and after RAP process are shown in Fig 4. A 
FRDUVHFDVWLQJVWUXFWXUHZLWKDODUJHJUDLQVL]HRIDERXWȝPZDVREVHUYHGLQWKHVWDUWLQJPDWHULDODVVKRZQLQ
Fig. 4a. After predeformation, ferrite grains of the predeformed specimen were distorted but without obvious 
change in grain size. Carbides in interdendritic regions extended in the predeformation direction. Accumulation of 
deformation energy occurred on the grain boundaries. Once the temperature excesses recrystallization temperature 
of the cast Cr-V-Mo steel of about 870°C, recrystallization occurs and resulted in new formed small grains, as 
shown in Fig. 4c. As the temperature exceeds the austenitization temperature, austenitization and recrystallization 
occur simultaneously. Carbides dissolve into austenite grains, resulting in a one-phase austenite structure, as shown 
in Fig. 4d. In further heating, the growth of austenite grains occurs to reduce internal surface energy. As shown in 
Fig. 4e one-phase austenite structure with larger grain size was observed at 1250°C. Partial melting initially takes 
place on grain boundaries when the temperature exceeds the solidus temperature. During the partial melting, solid 
particles tend to be spherical to reduce their surface energy. A spherical microstructure containing discrete solid 
particles and a liquid matrix is obtained at 1385°C, as shown in Fig. 4f. 
 
 
Fig. 4.  Schematic diagram of heat treatment strategy. 
 
 
Fig. 5. SEM images of RAP-processed Cr-V-Mo steel (a) before and (b) after annealing treatment. 
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Although refinement of microstructure was achieved by RAP process, the various microstructure in liquid-phase and solid- 
phase regions was observed. According to the work of Li et al. (2005), this phenomenon is attributed to phase segregation 
occurred during partial melting. The inhomogeneous microstructure was resulted in inhomogeneous mechanical properties of 
RAP processed Cr-V-Mo steel, according to the work of Meng et al. (2014). The phase segregation of RAP processed Cr-V-Mo 
steel still exists after annealing treatment, as shown in Fig. 5.  
3.2. Microstructural evolution of RAP processed Cr-V-Mo steel during heat treatments 
A SEM images of the RAP-processed specimen treated by quenching and tempering are shown in Fig. 6. After 
quenching treatment, various microstructures were observed in different regions of the RAP-processed specimen. 
The regions of former solid particles are considered to be martensite. As shown in Fig. 6a, austenite and chain-like 
carbides were found in the former liquid-phase regions. These various microstructures were attributed to the 
different alloying elements contained in the former liquid-phase and solid-phase regions. After the tempering at 
560 °C, the boundaries between the former liquid-phase and solid-phase regions become blurred as shown in Fig. 
6b. In the former liquid-phase regions, chain-like carbides disappear, and martensite appears. 
 
 
Fig. 6. SEM images of RAP-processed Cr-V-Mo steel (a) after quenching and (b) after tempering treatment. 
 
X-ray diffraction (XRD) analysis was carried out to measure the volume fraction of retained austenite using a 
RINT-RAPID 2D X-ray diffractometer with a collimator RIĭP'DWDZDVFROOHFWHGXVLQJ&X.DUDGLDWLRQLQ
WKHșUDQJHRI-130 deg. A PSPC/MSF rapid X-ray stress analyzer was used to measure residual stress in the 
specimens. Quantitative analysis performed on the various specimens listed in Table 2 indicates that the volume 
fraction of retained austenite in the quenched specimen decreased from 6.7 to 0.4% after tempering at 560 °C. It 
means that the retained austenite partially transformed to martensite as the tempering treatment was conducted. 
The residual stress of the specimens subjected to various heat treatments in the length and width directions is also 
listed in Table 2. High tensile residual stress was measured in the specimen quenched from 1050 °C in both the 
length and width directions. Tempering treatment at 560 °C caused a large decrease about 40% in residual stress. 
 
Table 2. XRD quantitative analysis of RAP-processed Cr-V-Mo steel subjected to various heat treatments. 
Treatments Volume fraction of retained austenite (%) 
 Residual stress (MPa) 
 Length direction Width direction 
Quenching (1050 °C) 6.8 ± 1.0  483.96 ± 55.08 484.16 ± 44.64 
Quenching (1050 °C) and tempering (560 °C) 0.4 ± 0.2  261.62 ± 38.11 289.06 ± 77.91 
 
3.3. Effect of RAP process and heat treatments on mechanical properties of Cr-V-Mo steel 
The mechanical properties of cast Cr-V-Mo steel specimens subjected to RAP process and various heat 
treatments are listed in Table 3. The impact energy and the resistance to high-temperature wear are both important 
indicators in determining the performance of hot-working tool steels. As a reference, the mechanical properties of 
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commercial hot rolled SKD61 tool steel are also listed in Table 3. The cast Cr-V-Mo steel exhibits poor 
mechanical properties. RAP process and quenching treatment improves tensile strength and elongation (about 
twice that of the starting material). Tempering at 560 °C raised the impact energy of the quenched specimen from 
13.5 to 27.4 J and also improved the resistance of the specimen to high-temperature wear. However, the 
mechanical properties of the RAP-processed specimens are inferior to those of commercial rolled material, even 
after optimal heat treatment.  
 
Table 3. Mechanical properties of Cr-V-Mo steel specimens subjected to various treatments. 
Treatments Vickers hardness (HV) Ultimate strength (MPa) Elongation (%) Impact energy (J) Wear volume (mm3) 
Commercial rolled 567 ± 30 574 ± 10 30.5 ± 0.5 75.0 ± 3.0 2.99 ± 0.29 
As-cast 823 ± 30 398 ± 30 2.2 ± 0.5 3.2 ± 0.5 8.55± 0.31 
RAP 598 ± 30 564 ± 20 12.8 ± 0.5   
RAP & quenching 738 ± 80 1220 ± 50 17.6 ± 0.6 13.5 ± 2.0 5.72 ± 0.53 
RAP& quenching  
& tempering 
632 ± 30 1450 ± 30 18.8 ± 0.5 27.4 ± 5.0 3.61 ± 0.33 
 
4. Conclusions 
In this work, the effects of RAP process and heat treatments including quenching and tempering on the 
microstructure and mechanical properties of cast Cr-V-Mo steel were investigated. The main results are 
summarized as follows. 
1. An energy-efficient process route for manufacturing products with high quality was proposed based on 
recrystallization and partial melting (RAP) technology. 
2. Recrystallization, austenitization, and partial melting occur in RAP and transform the coarse structure of cast 
Cr-V-Mo steel to finer spherical structure with a more homogeneous distribution of carbides. 
3. The microstructural evolution caused by heat treatments including quenching and tempering improved the 
mechanical properties of RAP processed Cr-V-Mo steel. When the quenching temperature and tempering 
temperature were 1050 and 560 °C, respectively, a good combination of mechanical properties was achieved. 
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